To detect and avoid illegal logging of valuable tree species, identification methods for the 26 origin of timber are necessary. We used next-generation sequencing to identify chloroplast 27 genome regions that differentiate the origin of white oaks from the three continents; Asia, 28 Europe, and North America. By using the chloroplast genome of Asian Q. mongolica as a 29 reference, we identified 861 variant sites (672 single nucleotide polymorphisms (SNPs); 189 30 insertion/deletion (indel) polymorphism) from representative species of three continents (Q. 31 mongolica from Asia; Q. petraea and Q. robur from Europe; Q. alba from North America), 32 and we identified additional chloroplast polymorphisms in pools of 20 individuals each from 33 Q. mongolica (789 variant sites) and Q. robur (346 variant sites). Genome sequences were 34 screened for insertion/deletion (indel) polymorphisms to develop markers that identify 35 continental origin of oak species, and that can be easily evaluated using a variety of 36 detection methods. We identified five indel and one SNP that reliably identify continent-of-37 origin, based on evaluations of up to 1078 individuals representing 13 white oak species and 38 three continents. Due to the size of length polymorphisms revealed, this marker set can be 39 visualized using capillary electrophoresis or high resolution gel (acrylamide or agarose) 40 electrophoresis. With these markers, we provide the wood trading market with an instrument 41 to comply with the U.S. and European laws that require timber companies to avoid the trade 42 of illegally harvested timber. 43 44 45
Introduction 46
Illegal logging is a serious issue not only for tropical rainforests and tropical trees, but it is 47 also a concern for tree species in temperate latitude forests. White oaks from the genus 48
Quercus sect. Quercus (Fagaceae) provide a relevant example of illegal logging in a 49 temperate zone tree, and they highlight the challenge facing importers and regulatory 50 agencies responsible for validating the taxonomic and geographic sources of timber 51 products. White oaks account for a significant percentage of the hardwood flooring and 52 furniture trade in Europe and the USA, and they represent one of the most important 53 hardwoods in terms of logs and lumber exports from these regions. The most important trade 54 woods of white oaks derive from the European species Quercus robur L. and Q. petraea 55 (Mattuschka) Liebl., the CITES Appendix III-protected Q. mongolica Fisch. Ex Ledeb. native 56 to East-Asia, and North American oaks, such as Q. alba L. and Q. macrocarpa Michx. 57 (Cassens2007). Non-governmental organizations such as the Environmental Investigation 58 Agency (http://eia-global.org/news-media/liquidating-the-forests) have documented increases 59 in the rate of illegal logging for white oak wood, especially in the Russian Far East region. 60
These activities increase the likelihood that international wood trading companies will market 61 illegally harvested wood, an activity that is banned by the U.S. Lacey Act amendment of 62 2008 and the European Union timber regulation of 2010. Violation of these regulations can 63 result in fines, forfeiture of wood, and additional payments, as was recently demonstrated 64 with improperly documented shipments of white oak flooring in the United States (US 65 Department of Justice, 2015) . Under these laws, timber companies are responsible for 66 avoiding the trade of illegally harvested timber, and they are obligated to declare the species 67 name and geographic origin of traded timber in order to reduce the risk that traded timber 68 originated from illegal logging (Dormontt et al. 2015) . 69
70
The increased attention to illegal logging has led to an increased demand for methods that 71 can be used to provide precise species identification and geographic origin verification. 72
Wood anatomical methods are widely used for tree species identification (Dormontt et al. 73 2015) , but these methods cannot discriminate white oak species, nor identify geographic 74 origin of oaks generally. Over the last decade, worldwide programs have been established 75 using the potential of DNA as universal tool for identifying organisms (Barcode of Life 76 www.barcodeoflife.org, Hollingsworth et al. 2009 ). In plants, the success of barcoding is 77 highly dependent on several factors, including magnitude of primary divergence, frequency of 78 secondary contact, and mutation rate of the DNA region and approximate target sequence (chloroplast genome) coverage depth is provided in Table  132 1. Q. macrocarpa, and others) and Asia (Q. mongolica, Q. dentata). Based on the numbers in 233 this collection of white oaks from different continents, we computed the maximal potential 234 frequency of variants that were not observed using 95% confidence intervals (Newcombe 235 1998 ). This can be described as a method to determine the risk (potential error rate) that a 236 genetic variant (allele/haplotype) assumed to be exclusive to one continent is found in one or 237 (Table 1) . After read mapping, the two variant tables were compared to filter those variants 267 that showed fixed differences between the continents. Because the aim of this study was to 268 develop markers that differentiate between the continents, the next step was to reduce the 269 dataset to these variants appearing with a frequency between 95 and 100%. This analysis 270 left five indels and 15 SNPs. For marker development, we focused in indels due to their 271 simplicity of analysis. Checking of these indels within the mapping revealed a (T) N 272 microsatellite, two indels with a difference in the fragment length of two bp, and one indel 273 with one bp difference. These were removed from the further analyses and only the two 274 longest indels in two spacer regions (psaI-ycf4, psbE-petL), one with four and one with six bp 275 difference, remained. 276 277 Short read sequences from eight North American species were also mapped to the QUMO5 278 reference, and we specifically searched for indels differentiating North American species 279 from the reference QUMO5 with a frequency of 95 to 100%. We identified three indels that 280 consistently differentiated North America from Asia. These length polymorphisms were found 281 in three spacer regions (trnLF, trnCD, and trnDT) and they ranged in length from 2 bp to 8 282 bp. 283 284
Primer design, marker validation and resequencing 285
For the five indel-including cpDNA regions, primers were designed using the reference 286 QUMO5 to amplify fragments ranging from 110 bp to 190 bp. A preliminary validation 287 performed with three individuals each of Q. robur, Q. petraea, Q. mongolica, Q. alba, and Q. 288 macrocarpa revealed that all seven cpDNA regions could successfully be amplified by PCR. 289 Subsequent Sanger sequencing validated the sequence of the intervening region, the repeat 290 type, and BLASTN analysis confirmed annotations (Table 2) . 291 292 Two indels differentiate European (Q. petraea, Q. robur) and Asian (Q. mongolica) white 293 oaks, and these are located in the psaI-ycf4 linker (4 bp difference) and the psbE-petL linker 294 (6 bp difference; Table 2) , and these are inferred as mutations (deletions, specifically) are 295 restricted to Asian white oaks. The further validation of these indels was conducted by 296 screening the amplification products of 10 additional individuals of North American species, 297 50 individuals of two European species (Q. robur, Q. petraea), and two Asian species (Q. 298 mongolica, Q. dentata). This validation revealed that white oaks from North America and 299 Europe showed the same fragment length (Table 3) , and confirmed that the Asian species 300 shared deletions that resulted in shorter, diagnostic fragment lengths. 301
Three indels differentiate Old World (Q. petraea, Q. robur, Q. mongolica) and North 302
American white oaks, and these are located in the trnL-trnF (trnLF) linker (5 bp difference), 303 the trnC-petN linker of the broader trnC-trnD (trnCD) linker region (8 bp) and in the trnE-trnT 304 linker of the broader trnD-trnT (trnDT) linker region (2 bp; Table 2 ). These indels were 305 validated with the same individuals of all above mentioned species. The validation revealed 306 that white oaks from Asia and Europe showed identical fragment lengths (Table 3) , and that 307 the North American species shared mutations that resulted in diagnostic fragment lengths. 308 309 Resequencing (Sanger) of the trnDT region identified a single nucleotide polymorphism 310 (SNP) differentiating Asia from Europe and North America. The SNP lies within a HinfI 311 restriction site, and restriction digestion of this region was predicted to yield three fragments 312 in Asian white oaks and two fragments in European and North American species (all oaks 313 share one HinfI site). By labeling the forward and reverse amplification primer, restriction 314 digestion of the PCR fragment with HinfI allows the visualization of two of the three 315 fragments, one of which is diagnostic for Asian white oaks due to its truncated length. Since 316 this single region offers the possibility to differentiate all three continents with one assay, we 317 decided to include this SNP into the marker set. In total, the five markers have been 318 evaluated with samples sizes ranging from 516 to 1078, with samples representing 13 oak 319 species from the three continents (Table 3) . 320
321
The nucleotide variation shown to be characteristic for Asian white oaks (Q. mongolica and 322 Q. dentata) are also present in the complete chloroplast genome of one individual of Q. 323 aliena, another Asian white oak species (GenBank accession KP301144.1; Lu et al. 2015) . 324
We computed the probabilities of fixation for the gene markers. Since we require a minimum 325 of two independent markers for continent assignment, we performed the calculations for the 326 risk of not identifying a rare variant in the reference samples based on a combination of two 327 markers. By this means the risk of not identifying a rare variant in the reference samples was 328 calculated to be less than 0.022 % for Europe, 0.0051 % for Asia and less than 0.098 % for 329
America. Thus, it is extremely unlikely that studied gene markers are not fixed to just one 330 variant in the different groups. 331 332 Marker set design and optimization for timber 333 All above described analyses were performed using single PCR reactions and fragment 334 analyses to optimize each marker separately. Subsequently, the markers were successfully 335 multiplexed for fragment analysis using the fluorescence labeling as given in Table 2 (Fig. 2) . 336
For the development of the markers and multiplexing, DNA from fresh leaves was used. The 337 protocol was later optimized for DNA from timber. From our experience, DNA from timber is 338 more sensitive to all PCR parameters, thus, all markers were singly tested with DNA from 339 timber and the PCR was optimized for the DNA from timber. Differences in the PCR 340 conditions used for the two different materials are given in Table 4 . Due to the sensitivity of 341 timber DNA in PCR, multiplexing of the PCRs of the five markers is not advisable, but 342 multiplexing of the markers on the sequencer worked as well with timber DNA as with DNA 343 from leaves. The only difference is that the PCR product from leaf DNA is diluted 1:50 and 344 the PCR product from timber DNA 1:10 for use on the sequencer. 345 346 Our analyses used a capillary sequencer to visualize length polymorphisms of these 347 fragments. However, due to the large size differences of these indels, all markers can be 348 distinguished on a polyacrylamide gel, even for differences as small as two base pairs, as 349 shown for the fragment trnDT (Fig. 3) . In this way, polymorphisms can be screened in 350 laboratories where no sequencer is available. International Programs Office. We thank Lasse Schindler for developing of the timber specific 415 DNA extraction protocol, and Aki M. Höltken for initial discussions. We are grateful to Vivian 416 Kuhlenkamp, Laura Schulz, Susanne Jelkmann and Ann-Christine Bergmann for technical 417 assistance. We also thank collaborators and institutions that provided samples of North 418 1 The number of individuals tested includes numbers for all loci except trnDT, which is 620
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